To assist in the breeding and identification of Rhus succedanea L., which is cultivated in Japan to produce wax from its fruit, 12 microsatellite markers were developed from 96 clones sequenced from a genomic library generated from the traditional cultivar 'Ikichi'. Using these markers, 50 genotypes were identified in 82 individuals (designated "the western group") representing traditional cultivars and associated materials that have been selected from populations in western Japan and conserved for use in a breeding program. In a further analysis, of the 82 previously mentioned individuals and others from Chiba and Okinawa populations, 88 different genotypes were detected, with numbers of alleles per locus ranging from 3 to 19 and expected heterozygosity ranging from 0.22 to 0.85. Each traditional cultivar and old individual in the western group was closely genetically related to other trees in the group. In addition, according to Principal Coordinate Analysis, using Dice similarity coefficients based on the 88 genotypes, and pairwise F ST values, the western group and the Chiba populations were considerably more closely related to each other than to the Okinawa populations. The implications of the findings for the future breeding of R. succedanea in Japan are discussed.
Introduction
Rhus succedanea L. (hazenoki or haze in Japanese) of the family Anacardiaceae is a deciduous, dioecious tree species widely distributed in Asia, from the Himalayas in the north-west of its range to Sumatra in the south and western Japan (Honshu, Kyushu, the Ryukyu Islands, and Shikoku) and Taiwan in the east. In western Japan, this species has been cultivated to produce haze wax (Japan wax), which is used for highquality cosmetic items, traditional Japanese candles and other industrial products due to its high viscosity. Haze wax is extracted from the mesocarps of R. succedanea fruit.
R. succedanea is thought to have been introduced to Kyushu for cultivation from China or the Ryukyu Kingdom (now Okinawa Prefecture) over 300 years ago, although it has also been hypothesized that the species grows naturally on several of the main Japanese islands, including Kyushu and Honshu (Masaki, 1938; Noguchi, 1977) . Further, it has been postulated that R. succedanea was first cultivated in Japan in Kagoshima, and that seeds or seedlings were subsequently distributed artificially around western Japan from this site (Noguchi, 1977) . R. succedanea has been subjected to selective breeding and targeted traits have included crop yield, wax content of the fruit, and wax properties. Over 100 traditional cultivars of R. succedanea are thought to have been planted around western Japan, generally propagated by grafting, and 82 phenotypically superior individuals (based on wax content and fruit yield) were recently selected as candidate trees for a selective breeding program. These grafted ramets have been conserved by Kyushu Regional Breeding Office (Forest Tree Breeding Center, Forestry and Forest Products Research Institute) and Fukuoka Forest Research & Extention Center (Ikeda, 1991 (Ikeda, , 1992 (Ikeda, , 1993 (Ikeda, , 1994 Yamanobe and Ito, 2000) .
Due to uncertainties about the origins and genetic identities of these candidate Rhus succedanea trees, reliable tools need to be developed to unambiguously genotype them. Morphological traits of the fruit have been successfully used in the past for discriminating between several traditional cultivars (Hiraoka and Kuramoto, 2004) . Genetic markers have also been applied, since Goto et al. (1997) used randomly amplified polymorphic DNA (RAPD) markers to identify clones in the populations from which candidate trees were selected. Recently, in addition to RAPDs, Hiraoka et al.
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(2009) used amplified fragment length polymorphisms (AFLP) and inter-simple sequence repeats (ISSR) markers to determine the clonal identities of the selected candidate trees. Hiraoka et al. (2009) found that more than 30 candidate trees had the same genotypes as some major traditional cultivars (Table 1) ; however, there were some inconsistencies between the results of Goto et al. (1997) and Hiraoka et al. (2009) . In addition, there were some inconsistencies in the genotyping results obtained from the ISSR and AFLP markers by Hiraoka et al. (2009) ; therefore, more robust and reproducible markers are needed for clear, unambiguous identification of these (and other) individuals.
Microsatellites, or simple sequence repeats (SSRs), are the markers of choice when a high degree of genetic polymorphism is required, provided that neither the development time nor costs are prohibitive. Microsatellites are short (1-6 bp), tandemly repeated DNA motifs (Hamada et al., 1982) that are spread throughout the whole genome. These markers are relatively abundant, provide good genome coverage, and are multiallelic, hypervariable, codominant and amenable to automated polymerase chain reaction (PCR) analysis. In addition, use of microsatellite markers only requires a small quantity of DNA, and their robustness and reproducibility make them suitable for comparing results from different laboratories. Furthermore, they can be transferred to related species since microsatellite flanking sequences are highly conserved. Therefore, in recent years, major efforts have been made to develop reliable molecular tools, such as microsatellite markers, for many species, and they have proved very useful, not only for identification purposes but also for checking parentage, estimating genetic similarity and creating Table 1 . Samples analyzed for clone identification and the study of genetic variation.
The results of clone identification of the candidate trees in this study were similar to those previously presented (Hiraoka et al., 2009), except for 'Tosu4' and 'Tosu5' (see text) . z Origin of traditional cultivars as described by Masaki (1938) . y Number of individuals analyzed. x Prefecture where each individual was selected is shown in parentheses: Eh, Ehime; Fk, Fukuoka; Km, Kumamoto; Ng, Nagasaki and Sg, Saga.
Population or group
Prefecture of origin z Name of individuals
Traditional cultivar
Individuals identified as traditional cultivar (Hiraoka et al., 2009 ) Other Goto et al. (1997) and the ISSR, AFLP and RAPD analyses performed by Hiraoka et al. (2009) were to examine genetic similarities among the candidate trees selected for the R. succedanea breeding program. Hiraoka et al. (2009) suggested that the candidate trees included some traditional cultivars and were clustered weakly into two groups, based on un-weighted pair-group method with arithmetic means (UPGMA) analysis and principal component analysis (PCA); they also found no significant relationship between the genetic similarity and geographic distance between the sources of the individuals. These results strongly suggest that both the artificial movement of individuals and natural mating have occurred in the past around western Japan (Hiraoka et al., 2009 ). However, the microsatellite-based study presented here was undertaken because microsatellites could provide better indications of the relatedness between individuals than dominant markers, due to their polymorphism and codominance. Furthermore, improved methods have been developed recently to quantify the relatedness of pairs of individuals. Even without any prior genetic information, it is possible to calculate the probability of genotypes being identical-by-descent based on microsatellite marker data (Wang, 2002; Blouin, 2003) . Moreover, there was a need to investigate populations in other areas, in addition to those from western Japan, in order to create a broader genotype reference database and obtain new information on the genetic diversity of this species in Japan.
Therefore, the aims of the study presented here were: to develop the first microsatellite markers from R. succedanea to assist the species' breeding program; to assess their heritability and suitability for clone identification; and to clarify the genetic relationships among both the candidate trees selected from western Japan and samples obtained from populations in eastern and south-western Japan.
Materials and Methods
Plant material and DNA isolation DNA was isolated from the young leaves of 77 candidate individuals of R. succedanea planted at study sites in Minamata City, jointly estabished by the Minamata City Society for Haze Cultivation, the Kyushu Forest Office, and Kyushu Regional Breeding Office. These individuals included representatives of several well-known, traditional cultivars collected from western Japan ( Fig. 1 ) that are being conserved at each site for the breeding program (Table 1 ). In addition, three other well-known, traditional cultivars conserved at a study site in Kurume City (in Fukuoka Prefecture) and two parents of artificial crosses conserved at Kyushu Regional Breeding Office, were sampled. These individuals were collectively called the "western group", and the total size of this set of samples was 82 trees. Young leaves of naturally planted individuals were also collected in Chiba Prefecture (24 individuals, termed the Chiba population, sampled range was Lat. 35°15-19'N; Long. 139°55-59'E) and Okinawa Prefecture (14 individuals, termed the Okinawa population, sampled range was Lat. 26°15-16'N; Long. 127°47-48'E) ( Table 1 and Fig. 1 ). Chiba Prefecture is outside the R. succedanea cultivation area and populations in Okinawa Prefecture are considered to include few individuals introduced from the main islands of Japan, apart from representatives of the traditional cultivar 'Showafuku' (Masaki, 1938) . Thus, in total, we analyzed 120 individuals of R. succedanea in the relationship and clonal identification analysis.
In addition, to study the inheritance of the developed markers, we also analyzed 94 seedlings from each of two families, 'SH1' × 'ML3' and 'Oh' × 'ML3', and their parents (conserved by Kyushu Regional Breeding Office). Total genomic DNA from each individual was extracted using a Plant Genomic DNA Mini kit (VIOGENE, Sijhih, Taipei County, Taiwan). The DNA of the candidate trees has been previously genotyped by ISSR and AFLP markers (Hiraoka et al., 2009) .
Microsatellite development and analysis
Microsatellite loci were isolated using the enrichment method described by Hamilton et al. (1999) , as modified by Fukatsu et al. (2005) . Briefly, genomic DNA from Table 1 ). The western group consisted of candidate trees including traditional cultivars. The locations of the traditional cultivars are based on those described by Masaki (1938) .
the individual 'Ariake3', which was identified as belonging to the traditional cultivar 'Ikichi' (Table 1) by Hiraoka et al. (2009) , was digested with NheI, HhaI and AluI. Double-stranded SNX linkers (Hamilton et al., 1999) were ligated at both ends of the digested fragments using T4 DNA ligase. Ligated fragments were hybridized with biotinylated (AG) 10 oligonucleotides and captured using streptavidin-coated magnetic beads (Dynabeads, Dynal, Norway). Enriched DNA fragments were recovered by denaturation and removal of the oligonucleotide probes. After cloning, positive clones colored blue were screened by PCR with a set of T3 and T7 primers and an (AG) 10 oligonucleotide. Clones showing more than two fragments, one of which was amplified by the T3 and T7 primer pair and the other by the (AG) 10 oligonucleotide and either the T3 or T7 primer, were selected as positives. These positive clones were sequenced using an ABI PRISM model 3100 automated DNA sequencer (Applied Biosystems, Foster City, CA, USA). Redundant clones were discarded and the remaining clones were used to design primer pairs based on the sequences of fragments flanking the microsatellite regions using Primer3 (Rozen and Skaletsky, 2000) . After optimization, PCR amplifications were performed using the M13-tailed PCR method (Schuelke, 2000) , in mixtures with a final volume of 10 μl containing 1 × QIAGEN ® Multiplex PCR Master Mix (Qiagen, GmbH, Hilden, Germany), 0.01 μM M13-tailed forward primer, 0.15 μM reverse primer, 0.15 μM FAM-or HEXlabeled M13 (-21) primer (5'-TGTAAAACGACGGC CAGT-3', Applied Biosystems) and 25 ng of template DNA. PCR amplification was carried out using a PTC-200 thermal cycler (MJ Research, Waltham, MA, USA) with the following profile: (i) an initial denaturation step of 1 min at 94°C, (ii) a touchdown PCR sequence consisting of 10 cycles of 94°C for 30 s, 65°C to 60°C for 90 s (decreasing by 0.5°C/cycle), and 72°C for 60 s; 20 cycles at 94°C for 30 s, the annealing temperature for 90 s and 72°C for 60 s and (iii) a final extension of 30 min at 60°C. Amplified PCR products were sequenced, again using an ABI PRISM automated DNA sequencer. GeneScan was used to determine fragment sizes and Genotyper (Applied Biosystems) to analyze the results.
Evaluation of microsatellites for studies of polymorphism and genetic relationships To assess the informative potential of the microsatellites, observed (H O ) and expected (H E ) heterozygosities were calculated based on the genotype data obtained from each primer pair by CERVUS 2.0 (Marshall et al., 1998) . The usefulness of the microsatellites for cultivar identification was estimated by calculating their discrimination power (D j ) according to Tessier et al. (1999): where c i is the probability of confusion for the ith genotype of the jth microsatellite and C j is the probability of confusion for the jth microsatellite, p i is the ith genotype frequency, and N is the number of individuals analyzed. D j represents the probability that two randomly chosen individuals have different patterns, and thus are distinguishable from one another (Tessir et al., 1999) . The number of genotypes and cultivars that could be distinguished by each primer was estimated, and the abundance of each of the detected microsatellite motifs and categories was calculated.
The coefficient of genetic relatedness (r) between individuals was estimated using the computer program MER (Moment Estimate of Relatedness) (Wang, 2002) . As reference allele frequencies, all of the individuals in the western group, the Chiba populations and the Okinawa populations were used for MER calculations. Theoretically, the expected value of genetic relatedness is 0.5 between unrelated parents and their offspring or between full-sibs, 0.25 between half-sibs, and 0.125 between first cousins (Blouin, 2003) .
Pairwise F ST values between populations or subgroups were calculated using GENEPOP web version 3.4 (Raymond and Rousset, 1995;  http://wbiomed.curtin.edu.au/ genepop/; accessed June 14, 2009). In order to evaluate the genetic relationships between genotypes, Dice similarity coefficients (Dice, 1945) were calculated based on the amplified fragments present or absent in each genotype. The relationships between individuals were analyzed by principal coordinate (PCO) analysis.
Results and Discussion
Identification of positive clones, design of primers, and amplification for screening A total of 192 positive clones from colored colonies were screened by PCR and 96 clones were subsequently sequenced, 47 of which had no or few repeated microsatellites; however, 51 clones contained microsatellites with at least five motif repeats (some of the clones had several different motifs, but not AG). Of these, 30 were discarded because the primer design was considered difficult due to repeat motifs being incomplete or too close to one end, but primer pairs were designed for the other 21 clones (Table 2 ). In order to identify genotypically useful primer pairs, screening amplification was conducted using these 21 clones and four individuals ('Ariake1', 'Ariake3', 'Tanbara1', and 'Yame1'). Two of the 21 primer pairs (bcrs026 and 077) failed to amplify detectable products, six (bcrs006, 013, 025, 060, 066, and 072) yielded a complex pattern of fragments, and one (bcrs038) showed a monomorphic fragment pattern; the 12 remaining primer pairs were considered useful (generating one or two bands for each
genotype, suggesting the detection of a single locus). At the bcrs035 and 086 loci, bands of 130 bp, and 120 bp were respectively fixed in all genotypes and one or two additional bands were obtained in all genotypes.
Identification of genotypes and characterization of the microsatellites Amplification of template DNA from the 82 individuals in the western group (including the 77 candidate individuals, representatives of three other traditional cultivars and the two parents used in the artificial crosses) using the 12 microsatellite markers resulted in the detection of 51 different genotypes. Genotyping identified 46 different genotypes among the 77 candidate trees, and generally supported the results obtained by Hiraoka et al. (2009) , except for two individuals, 'Tosu4' and 'Tosu5' (Table 1) . Both of these individuals were identified as the traditional cultivar 'Ikichi' in the previous study, but the results obtained in the present study indicated that they differed by a single allele from 'Ikichi' (in both cases the bcrs084 primer pair amplified a fragment of 234 bp, while a 232 bp fragment was amplified from 'Ikichi' samples). This small difference may be attributable to a somatic mutation in the process of propagation by grafting. Therefore, 'Tosu4' and 'Tosu5' were considered to be representatives of the Ikichi cultivar; thus, the candidate trees were categorized into 45 genotypes. Secondly, in the analyses presented by Hiraoka et al. (2009) , the two individuals 'Oyano1' and 'Kanoya1' had the same genotype based on ISSRs markers, but showed different AFLP patterns. In the present study, these two individuals showed similar genotypes, but differed at two loci, bcrs035 and 043. Since the three other traditional cultivars ('Ritaji', 'Taikobo', and 'Tokuemon') and the two parents of the artificial crosses ('ML3' and 'SH1') showed different genotypes from the candidate trees, the western group was categorized into 50 genotypes. Individuals from the Chiba and Okinawa populations also differed from all other individuals. Overall, the 120 individuals analyzed showed 88 different genotypes, which were characterized, named and are shown (together with the corresponding traditional cultivar names) in Table 1 . Two individuals that were identified as belonging to the traditional cultivar 'Oh' were sampled from Ehime Prefecture, and individuals identified as 'Ikichi' and 'Showafuku' were from Fukuoka, Saga, Nagasaki, and Kumamoto Prefectures (Table 1) . These were considered to be the cultivars that were planted in the respective districts (Masaki, 1938) .
Overall, 122 alleles were detected in the 88 genotypes, and the numbers of alleles per locus ranged from 3 to 19 (10.25 ± 5.08). There was a significant correlation between the number of repeated motifs and the number of alleles per locus (P < 0.05, t-test). The calculated expected (H E ) and observed (H O ) heterozygosities based on the 88 different genotypes varied between 0.22 and 0.85 (0.58 ± 0.19) and between 0.21 and 0.78 (0.44 ± 0.17), respectively. The values of H O were lower than H E for all 12 microsatellite loci (Table 3) . For bcrs079, 084, and 086, some individuals yielded no fragments due to the presence of null alleles (which could have caused underestimation of the H O values). For bcrs043 and 073, the values of H E were also markedly higher than the H O values. This was probably due to the presence of null alleles, although all samples yielded at least one fragment.
The segregation of 10 of the 12 microsatellite markers was examined by genotyping 'SH1' × 'ML3' and 'Oh' × 'ML3' progeny (markers bcrs001, 073, and 095 in 'SH1' × 'ML3' progeny and bcrs001, 073, 086, and 087 in 'Oh' × 'ML3' progeny were not used in this test because the crossed female and male had the same genotype at these loci, so no allele segregation was observed in their progeny). The results of 'SH1' × 'ML3' and 'Oh' × 'ML3' progeny genotyping and subsequent χ 2 tests indicated that 'ML3' carries a null allele at the bcrs086 locus, and 'Oh' carries null alleles at bcrs079 and 084 loci. Assuming the presence of these alleles at these loci, all loci showed Mendelian inheritance patterns according to χ 2 tests. Mutation rates of microsatellites are considered important in such parental analyses. In general, the mutation rates of repeated motifs of microsatellites are very high, varying from 10 −6 to 10
events per locus per generation (Hancock, 1999) . Although the two individuals, 'Tosh4' and 'Tosu5' possessed slightly different alleles from 'Ikichi', they were still categorized as belonging to this traditional cultivar; therefore, these microsatellites will be useful for paternity analysis and for constructing a linkage map because of their mutation stability. The discrimination power per locus (D j ) varied from 0.33 to 0.95 (0.73 ± 0.19) (Table 3) , and there was a very significant positive correlation (r = 0.98) between H E and D j values. All pairs of genotypes could be distinguished using only four microsatellites (bcrs035, 043, 084, and 127), which showed the highest D j values; however, a null allele was observed for bcrs084. Thus, these microsatellites should allow efficient and reliable genotype identification in R. succedanea. It should be noted that the genotyping results for 'Amagi3', 'Kibe2' Table 3 . Allele diversities, observed (H O ) and expected (H E ) heterozygosities (Marshall et al., 1998) , and discrimination power (D j ) (Tessier et al., 1999) and 'Kurume4' obtained by Goto et al. (1997) conflict with the results of both our present and previous studies (Hiraoka et al., 2009 ). These differences are considered to be the result of errors during propagation and planting processes, as discussed by Hiraoka et al. (2009) .
Genetic relationships among individuals and genetic diversity among populations Hiraoka et al. (2009) suggested that traditional cultivars and old individuals (with a trunk diameter at breast height > 40 cm or diameter at ground height > 50 cm) could be parents of the other individuals in the group of candidate trees selected for the breeding program. Figure 2 shows the numbers of alleles at the 12 loci shared by pairs of individuals, and the range of the coefficient of genetic relatedness (r) between individuals in the western group. Among the 50 individuals in the western group, 26 shared alleles at all loci and were designated the "high allele-sharing group" and 24 shared alleles at less than 12 loci (designated the "less allele-sharing group"). The former was considered to include individuals with parent-offspring or full-sib relationships; however, some pairs of individuals sharing alleles at the 12 loci had relatively low r values (<0.4). On the other hand, 16 pairs showed high r values (>0.4), but did not share alleles for all loci (data not shown). These individuals might also be genetically related to each other. The "high allele-sharing group" included six traditional cultivars and seven old individuals, while the "less allele-sharing group" included three traditional cultivars and two old individuals (thus the latter group was smaller than the former). These results suggest that many traditional cultivars or old individuals are the parents of other individuals or have many siblings. In addition, there was no significant relationship between relatedness and geographical distance. For example, 'Ikichi', one of the most popular cultivars, had seven allele-sharing individuals. 'Ikichi' originated from Fukuoka, but related individuals were not from Fukuoka; 'Honai1' was from Ehime, and 'Nejime8', 'Nejime9', and 'Sata6' were from Kagoshima (Table 1) . Since the mid-Edo period, many seeds or seedlings of this species have been taken from Kagoshima to western Japan for cultivation and many cultivars were then developed in each area (Noguchi, 1977) . In addition, as discussed by Hiraoka et al. (2009) , natural mating between traditional cultivars and other individuals and seed dispersal by birds has probably occurred, resulting in complex gene flow patterns; therefore, the genetic resources of traditional cultivars or old individuals, and their relatives, might be restricted in western Japan. Table 4 shows pairwise F ST values between the populations and groups. The F ST values among sampled populations significantly differed, and the value between the western group and the Okinawa population was larger than that between the western group and the Chiba population. The genetic relationships among the 88 genotypes detected using the 12 microsatellite markers were assessed by calculating Dice similalities. Figure 3 shows the PCO1 and PCO2 axes from PCO analysis based on Dice similarities among the 88 genotypes. Two principal coordinates, PCO1 and PCO2, accounted for 11% and 8% of the allelic variation, respectively. The Chiba population had a broad distribution and overlapped with the western group, while the Okinawa population was isolated from the other populations. Therefore, the western group and the Chiba population were more genetically similar to each other than to the Okinawa population. Based on these results, individuals from the Chiba population might share a gene pool with the western group. In contrast, there may have been little or no transfer of individuals between Okinawa and the main islands of Japan (even though it has been postulated that R. succedanea was introduced to Kyushu for cultivation from China or Okinawa). The relative narrowness of the genetic diversity in the western group might be due to restricted genetic mixing, as discussed above.
Implications for the future breeding of R. succedanea In this study, clone genotypes and genetic relationships among the individuals and populations of R. succedanea were clarified using microsatellites. To facilitate any R. succedanea breeding program, knowledge of the relatedness between candidate trees is required for rationally programming artificial crossings since (inter alia) genetically unrelated individuals should be used as parents of crosses in order to avoid inbreeding depression. Since R. succedanea is a dioecious species, it is also important to consider the genotype and genetic character of male individuals.
The western group showed different genetic features from the two other populations, especially the Okinawa population. During future R. succedanea breeding programs, we propose that germplasm from other populations should be introduced in order to increase the genetic diversity of the selected population. The results of the present study indicate that the Okinawa population is the best source of genetic material to introduce into the current group of candidate trees because its individuals are the least similar to the western group. In addition, it may be possible to extend the current R. succedanea cultivation range, from western to south-eastern Japan.
In conclusion, the 12 polymorphic microsatellites developed in this study could be of considerable use in clone identification, parentage analysis and determining the population structure of R. succedanea. In addition, these markers could be used for gene flow studies, genetic mapping and marker-assisted selection in future breeding programs of this species.
